The JTZ model [C. Jung, T. Tél and E. Ziemniak, Chaos 3, (1993) 555], as a theoretical model of a plane wake behind a circular cylinder in a narrow channel at a moderate Reynolds number, has previously been employed to analyze phenomena of chaotic scattering. It is ex- 
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Introduction
The motion of particles in a non-uniform flow has received great attention due to its potential applications to both natural and engineering systems [1] , as well as its dominant role played in the transport processes of particulate and multi-phase systems [2] , such as those found in environmental engineering, geophysical sciences, microfluids and combustion. In the transport processes, particles are not just passively carried by the background flow, but also have dynamics of their own. The motion of particles exhibits abundant characteristics even if the background flows are very simple. Particles tend to concentrate asymptotically along periodic, quasi-periodic or chaotic trajectories for such flows as steady and unsteady cellular flows [3, 4] , periodic Stuart vortex flows [5] , the von Kármán vortex street flows [6, 7] and plane wake flows confined in a narrow channel (the JTZ model) [8, 9] .
The classical von Kármán vortex street is a well known pattern [10, 11] , and the viscous plane wake behind a circular cylinder, as an example of complex flow containing vortices and shear layers, has been extensively studied.
For exhibiting the phenomenon of chaotic scattering, a theoretical model (the JTZ model) was proposed in [12] to describe plane wakes in narrow channels at a moderate Reynolds number (Re=250). It fits well the wake flow field given by direct numerical calculations and its application is much more convenient in getting the background wake flow field than solving the Navier-Stokes equations. The chaotic advection of particles near a circular cylinder has been investigated by using the JTZ model [13] [14] [15] [16] [17] , however, relevant experiments of particle dispersion were conducted in open plane wakes consisting of near, intermediate and far regions [18, 19] . And thus, we'll extend in this paper the JTZ model to an open plane wake without the confined narrow channel.
The incompressible plane wake is governed by the two-dimensional NavierStokes equations, as the following non-dimensionalized ones
where u is the fluid velocity and p is the fluid pressure divided by the fluid density. The uniform flow velocity U ∞ and the diameter of circular cylinder D are taken as the characteristic variables of the system, and Re(= U ∞ D/ν f , ν f is the fluids kinematic viscosity) is Reynolds number of the plane wake.
In Eq. (1), the linear diffusion and nonlinear advection terms are described by
To solve the Navier-Stokes equations, we incorporate a high-order splitting algorithm into the spectral element method, please refer to [20, 21] for detail.
Integrating the Navier-Stokes equations under the boundary conditions given in [21] , we obtain velocity field u and vorticity field ω z at Re=250. The drag coefficient C d and Strouhal number Sr are determined as 1.5 and 0.21, respectively, very close to the calculation results of [22, 23] .
The streamlines and vorticity contours are displayed in Fig 
where the first factor
satisfies the no-slip boundary conditions at the cylinder surface. The second factor in Eq. (3) is
The first two terms model the periodic detachment of the vortices, in which w represents average strength of the time-dependent vortices and
).
The factors
are the Gaussian forms with dimensionless vortex size β 1/2 0 with its center located at [x 1 (t), y 0 ] and [x 2 (t), −y 0 ] in the wake. The vortices move downstream at a constant velocity
y 0 is the distance of the vortex centers from the x-axis, L 0 is the dimensionless distance a vortex traverses during its lifetime and u 0 is the dimensionless background velocity. The last term in Eq. (5) arises from the background flow, and the screening factor
ensures that the effect of the background flow velocity u 0 is reduced in the wake. In the numerical simulation, parameters are chosen as a = 1, α = 2, In the extended stream function Ψ(x, y, t) = f (x, y)g(x, y, t), the boundary function f (x, y) is kept, but g(x, y) is replaced by
where in the first shedding period and the later periods, respectively.
mod(t + 0.5, 1),
where L 0 /4 and L 0 are the streamwise distance between two neighboring vortices within and outside the near wake region, respectively. Moreover, s(x, y) in the last term of Eq. (10) is written as follows
In order to clarify essential features of the extended JTZ model, we display in Table 1 
Particle dynamics in the extended JTZ model
For the motion of a small spherical particle in fluid flow, it is well-known that the flow field around the particle can be approximated by a Stokes flow provided the particle diameter is small enough compared to the characteristic length of the fluid motion. Therefore, the particle-particle interactions as well as the effects of particles on the flow are negligible. Under these assumptions, the momentum equation of the motion of the small spherical particle [25] is written as follows
where V is velocity of the particle, and ρ is density, g is gravitational acceleration, and subscripts f and p refer to the fluid and particle, respectively. The derivatives D/Dt and d/dt are used to denote the time derivative following a fluid element and the moving sphere, respectively. Introducing the dimen- 
Du Dt
where F r = U ∞ / √ gR 0 and St = U ∞ T /R 0 (T is the particle viscous relaxation time, d (17) to
In section 3, the physical quantities are non-dimensionalized using T c and R 0 , which are different from the above ones. The function u(x, y, t) in Eq. (18) is now replaced by
wheret andû are the time and velocity field for the extended JTZ model, respectively. In the definition of Sr, the characteristic length is 2R 0 , rather than R 0 , which is the characteristic length of the model. Sincet In the experiments of [18, 19] , the particle dispersion in a plane wake is investigated in detail. As the particle size increases, the organized pattern of particle trajectories changes from filling in the vortex structures to accumulating along the exterior of vortices. In the direct numerical simulation of [27] , the particle distributions for different particle sizes are similar to the above-mentioned experimental observations, and these be- validate the moderling in studying particle transport processes. It is found that the particle size has significant influences on the features of particle trajectories, and the particles exhibit two typical patterns as the particle size increases. When the particle size is small enough, particle clusters would rotate around the vortex centers, whereas they would accumulate in the exterior of vortices for larger particle size. The numerical results are found in qualitatively agreement with the experimental ones in the normal range of particle sizes. 
